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.\b.stract.  .A  computerized  model  based  on  Bayes' 
theorem  was  designed  to  predict  whether  broncho¬ 
genic  cancer  could  be  re.sected  for  cure.  Beginning  1 
■lanuary.  1986.  100  consecutive  patients  undergoing 
thoracotomy  for  suspected  lung  cancer  were  prospec¬ 
tively  analyzed.  Eighty-five  patients  were  found  to 
have  bronchogenic  cancer  and  the  remaining  Ls  were 
excluded  from  the  study.  Thirty-three  risk  factors  were 
used  to  characterize  the  patient  population.  Bayesian 
conditional  probabilities  were  derived  from  literature 
values  and  physician  estimates.  Each  of  the  85  pa¬ 
tients  was  prospectively  evaluated  by  the  Bayesian 
model  to  predict  the  probability  that  the  lesion  would 
be  Linreseetable.  These  predicted  results  were  then 
compared  with  observed  results; 

Prcdi'-'ivd  priihabilitv  Ilf  f)bscr\cd 

unrcsccttihle  ctinver  unre''cciablc  cancer 

.'"n  .S'fodWi 

.s'’o-.Sil"n  19";.  |  7/3.S| 

'(l''.,-.S(l'’,.  71"'ot.S/7) 

XU",,  100%  (S/.t) 
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Bayesian  theory  can  he  used  to  generate  a  reliable 
model  of  resectability  in  patients  with  bronchogenic 

'  The  opinions  or  assertions  contained  herein  arc  the  privat 
views  of  the  authors  and  arc  not  to  be  construed  as  official 
or  as  reflecting  the  views  of  the  Department  of  the  Army  or 
the  Department  of  Defense 

To  whom  offprint  requests  should  be  sent  at:  Department 
of  Cardiothoracic  Surgery,  Walter  Reed  Army  Medical 
Center.  W'ashington.  DC  20.307-.SO(ll .  USA 


cancer.  The  results  may  have  practical  application  in 
decision-making  support  systems  that  address  the 
management  of  patients  with  pulmonary  neoplasia. 

Key  words:  Bay  esian  theory  -  Cancer  -  Pulmonary 


Introduction 

The  patient  with  suspected  biuncltial  cancer  often 
poses  a  difficult  management  problem.  Decision  theory 
has  been  used  to  provide  a  basis  for  recommending 
either  expectant  management,  surgery,  or  biopsy. 
Kunstaetter  ei  al.  [5]  have  described  a  logical,  or¬ 
ganized  approach  to  this  clinical  problem  by  present¬ 
ing  a  decision  tree  based  on  probability  estimates  ob¬ 
tained  from  the  literature.  The  majority  of  these  prob¬ 
abilities  can  be  obtained  from  published  reports,  but 
there  is  a  paucity  of  information  regarding  the  resec¬ 
tability  of  pulmonary  lesions. 

The  probability  that  bronchogenic  cancer  can  be 
"resected  for  cure"  is  one  of  the  more  important  fac¬ 
tors  in  the  decision-  making  process.  Unfortunately  , 
this  probability  is  dependent  on  multiple  factors  that 
have  not  been  well  defined.  I  he  problem  is  made  more 
complex  because  of  the  fact  that  the  criteria  for  resec¬ 
tability  may  vary  from  one  institution  to  another. 
Also,  in  recent  years,  there  has  been  a  gradual  trend 
toward  more  aggressive  surgical  therapy  [6j.  Selected 
patients  having  mediastinal  lymphatic  involvement 
are  now  offered  operation,  whereas  only  a  few  years 
ago  they  would  have  been  considered  unresectable. 
Clearly,  the  estimatation  of  this  probability  depends 
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(in  a  \arict\  ot  clinical  and  radiographic  measurements 
that  must  be  specific  for  each  indi\idual  patient. 

These  problems  can  be  minimized  b\  using  a 
Ba\esian  statistical  model  to  predict  the  probability 
that  a  gi\en  pulmrtnary  cancer  w  ill  be  resectable.  We 
ha\e  dewised  such  a  model  based  on  a  retri>specti\e 
re\  iew  of  patients  undergoing  thoracotomy  for  bron¬ 
chogenic  carcinoma  at  our  hospital.  Our  results  indi¬ 
cate  that  this  approach  offers  a  sound  basis  for  pre¬ 
dicting  the  resectabilitv  of  malignant  pulmonary  le¬ 
sions. 


Theory 

Bayesian  statistical  theory  predicts  the  probability  of 
future  e\  ents  based  on  the  characteristics  of  prior  as¬ 
sociated  events.  This  predictive  tibility  is  usually  put 
to  practical  tidvantage  by  considering  the  "events”  to 
be  diiignostic  ctitegories  [I,  3.  81.  As  n<’vinted  out  re¬ 
cently  by  DcDombal  [2],  these  categories  may  be 
prognostic  rather  than  diagnostic.  In  this  context, 
Bav  esian  analysis  allows  one  to  make  prognostic  pre¬ 
dictions  based  on  the  known  clinical  behavior  of  pre- 
viously  evaluated  patients. 

A  large  number  of  variables  usually  produces  a 
Bayesian  algorithum  that  is  best  handled  by  a  compu¬ 
ter.  Information  gained  from  previously  evaluated 
patients  is  stored  in  the  computer  as  a  matrix  of  con¬ 
ditional  probabilities.  This  conditional  probability 
matrix  (CPM)  is  then  used  by  the  Bayesian  mathemati¬ 
cal  algorithm  to  calculate  the  probability  of  each 
prognostic  or  diagnostic  category. 

The  CP.VI  consists  of  a  number  of  patient  observa¬ 
tion  and  the  frequenev  with  which  those  observations 
are  found  in  a  giv  en  category.  The  frequency  of  these 
risk  factors  is  best  determined  from  a  retrospective 
studv  of  the  selected  patient  population.  After  the 
CPM  has  been  generated,  it  may  be  incorporated  into 
a  computer  program  tor  subsequent  use  bv  the  Baye¬ 
sian  algorithm.  Recently  we  presented  a  step-by-step 
approach  that  should  provide  specific  guidance  to 
those  interested  in  developing  Bayesian  studies  [4). 

Patients  and  methods 

From  1  January  1986  through  26  March  1987,  we  ob- 
tiiined  clinical  records  and  radiographs  on  100  con¬ 
secutive  patients  undergoing  thoracotomy  for  pulmo¬ 
nary  parenchymal  lesions.  The  diagnosis  for  each  pa¬ 
tient  was  confirmed  by  histological  examination.  Fif¬ 
teen  patients  were  found  to  have  benign  lesions  and 
were  not  included  in  the  study.  The  remaining  85  pa¬ 
tients  had  bronchvigenic  cancer. 
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Tuhle  I.  Pivopcrativc  paUviit  p.iramcti.’rs 

(  linioil  findituis 
I  .Xgc  (<45:  ''4.S) 

:  Sex 

Smoking  liistorv 

4  Weight  loss 
.s  Henioptvsis 
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12  Change  in  size 

1.'  Margins  of  lesiiai  (smooth;  irregular) 
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17  Pleural  effusion 

18  Bilateral  lesions 
IP  Multiple  lesions 

20  Lobulation 

21  Spiculation 

22  Middle  lobe  lesion 

2.4  Tracheal  deviation 
24  Distal  atelectasis 

2.5  Chest  wall  abutment 

26  Chest  wail  invasion 

27  Mediastinal  abutment 

28  Hilar  nodal  enlargement 

29  Mediastinal  nodal  enlargement 

Rronchoscopic  findings 
,40  No  endobronchial  lesions 
41  Endobronchial  lesion  seen 
-42  Extrinsic  compression 
,4,4  Blunted  carina 


Our  criteria  for  resectability  followed  well-accepted 
guidelines  |7],  We  considered  lesions  to  be  "resect¬ 
able  for  cure"  if  the  pulmonary  malignancy  could  be 
completely  removed  and  mediastinal  involvement,  if 
any.  was  limited  to  ipsilateral  intranodal  disease.  Pa¬ 
tients  found  to  have  mediastinal  involvement  on  me¬ 
diastinoscopy  or  anterior  mediastinotomy  were  not 
included  in  this  study. 

We  devised  a  computerized  predictive  model  based 
on  the  Theorem  of  Bayes.  The  model  was  set  up  to 
categorize  the  patients  as  either  “resectable"  or  "non- 
rcsectable".  A  total  of  33  patient  factors  were  selected 
to  preoperatively  charaeterize  the  population  (Ttible 
I).  We  sought  to  choose  those  features  that  were  apt 
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to  discriminate  resectable  from  non-resectable  lesions. 
Unfortunately,  such  characteristics  have  not  been 
well  defined  in  the  literature,  and  we  were  therefore 
quite  liberal  in  the  selection  process.  There  is  no  pen- 
alts  for  ehossing  a  factor  that  does  not  discriminate 
well,  since  such  a  factor  will  be  associated  with  condi¬ 
tional  probabilities  that  are  appro.ximately  equal  for 
each  category,  thereby  having  a  minimal  effect  on  the 
final  results. 

The  conditional  probabilities  were  based  on  physi¬ 
cian  estimates  and  a  retrospective  review  of  similar 
patients  undergoing  thoracotomy  for  pulmonary  paren¬ 
chymal  lesions.  The  prior  probabilities  were  assumed 
to  be  the  frequency  with  which  each  category  ("resect¬ 
able”  or  "non-resectable")  had  occurred.  The  tech¬ 
nique  for  derising  the  CPM  has  been  covered  in  detail 
elsesvhere  [1.  4).  Generally,  we  used  the  retrosnec- 
tive  review  ft)r  the  CPM  values,  but  physician  estimates 
were  necessary  svhen  there  was  insufficient  documen¬ 
tation. 

A  computer  program  was  written  to  use  these  con¬ 
ditional  and  prior  probabilities  in  a  Bayesian  algorithm. 
Each  of  the  8.s  patients  with  malignant  disease  was 
entered  into  the  program,  and  the  model  calculated 
the  probability  that  each  lesion  would  be  unrescct- 
able.  A  clinical  profile  of  these  s.s  p^li..';ts  is  gi'  :n  in 
Table  2. 


Table  3.  PrcUiclctl  and  uhscsed  rate  ot  imreecetahilits 


C'omputcr-pivdicied  Actual  outcome 
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Results 

Of  the  85  patients  with  malignant  disease.  16  were 
found  to  be  unresectable.  The  majority  of  these  unre- 
sectable  patients  had  malignant  invasion  of  mediasti¬ 
nal  structures  to  include  the  heart,  great  vessels,  and 
esophagus.  Other  reasons  for  unresectabilit\^  in  this 
group  included  involvement  r'f  the  main  stem  bron¬ 
chus  w'ithin  2  cm  of  the  carina.  high  extranodal  para- 
tracheal  lymph-node  metastasis,  proximal  involve¬ 
ment  of  the  pulmonary  artery,  and  diffuse  intrathoracic 
metastatic  disea.se.  We  did  not  consider  chest  wall  in¬ 
vasion  to  be  a  contraindication  to  curative  resection. 
Four  patients  underwent  an  en  bloc  chest  wall  resec¬ 
tion  along  with  a  lobectomy,  and  ail  were  considered 
resectable  for  cure.  Two  of  these  four  had  postopera¬ 
tive  radiation  therapy,  but  no  patients  in  the  entire 
group  received  any  form  of  preoperative  adjuvant 
therapy. 

In  order  to  compare  the  predictions  with  actual 
results,  we  calculated  the  Bayesian  probability  that 
each  lesion  would  be  unresectable.  We  then  grouped 
the  patients  as  shown  in  Table  3  and  compared  our 
predicted  rate  of  unresectable  disease  with  the  rate 
that  was  actually  observed.  For  example,  of  the  37 
patients  predicted  to  have  lesc  .  i  5%  chance  of 
being  unresectable.  in  fact  2.1', ~  '  b  '  ■  were  actually 
unresectable  for  cure. 

The  interval  breakdown  was  selected  to  place  the 
patients  into  general  risk  categories.  The  breakdown 
is  completely  arbitrary,  but  does  categorize  patients 
into  "low  risk",  "high  risk",  and  several  intermediate 
risk  groups.  Potential  users  may  designate  the  inter¬ 
vals  most  appropriate  to  their  specific  application. 

Discussiun 

Decision  analysis  offers  an  organized  framework  for 
patient  management,  but  it  suffers  several  limita- 
tiors.  Certaii'-'y  'r.c  '^f  the  major  problems  is  the  data 
base  used  to  define  decision-tree  nodal  probabilities. 


Wlicrca'  voiiic  ol  piiihabilitic'-  iini\  tx-  well  dc- 

Imcd.  more  oltcii  il  i--  quite  dillieull  to  ai  ti\e  at  at’.  ;ie- 
eura.te  prol\ibilit\  estimate 

Diltei'ent  reported  series  ma\  eontain  eotinietmi; 
mtormation.  and  there  ma\  l■’e  siutiitieant  ditierenees 
m  the  patient  populatiotis  that  are  extimined.  In  addi¬ 
tion.  there  ma\  be  impi'i  tani  riittereiiees  m  tile  ttian- 
aeement  of  patients  ■'•le  institutioit  to  ano'her. 

Perhtips  a  more  aeeressive  surgieal  teatn  woulil  ha\e 
reseeteri  smiie  of  the  lesiotis  we  eonsidered  utneseel- 
alMe.  while  tUhers  miuht  ha\e  eleelei.1  to  pallitile  le¬ 
sions  that  we  reseeterl  tor  etire.  Ihe  proOleni  is  liir- 
ther  somplieated  b\  the  laet  that  ptitietit  tnaiuigemerit 
strategies  change  with  tune,  therebs  diminishing  the 
reliabilit\  ot  okler  publisheei  reports.  l  inalK  .  il  is  eer- 
tamb  siiboptimal  to  extrapolate  ititormatiun  report¬ 
ed  i.n  groups  ot  patients  aiul  applv  that  inlormalion 
direetb  to  an  itidixRlua!  patient. 

Baxesiaii  statistical  theorx  can  eireumieiit  most  ol 
tiiese  problems.  It  is  possible  to  det'ii'.e  the  desired 
patient  population  preeiseK  atid  theti  use  a  reliaispoc- 
ti\e  stud\  to  rlexelop  a  ('PM  that  is  tailored  to  one's 
speeiti.  pixietiee  ( 1  -  4|.  This  will  efteetixely  eliminate 
the  problem  associated  with  institutional  xariation. 
Purthermore.  this  (  PM  can  be  periodiealK  updateti 
SI.'  IS  to  obxiaie  probletiis  associated  with  tnanage- 
meiit  strategies  that  change  with  titiie.  [\'rhaps  tiiost 
miportanth .  a  predtetixe  nuidel  generated  along 
tl'Cse  guidelines  proxides  the  eapability  to  indix iduali/e 
prt'babilitx  ealeulations.  ri)e Ii)otnbal  (2|  has  reeentlx 
etiiphasi/ed  the  miportanee  xit'  itidix  idualized  analysis 
atul  has  elaborated  on  the  adxiuittiges  ot  Bayesitm 
theory  in  this  eotitext 

It  should  be  emphasized  that  the  CPM  determines 
the  aecuraex  ot  the  model.  Cjenerallx .  the  C'PM  is  re- 
gartled  as  a  data  bank  ot'  prex  ious  elitiieal  experience 
|4|.  l.ikexxise.  there  are  sotiie  adxatitages  associated 


xxith  the  use  ot  a  prospeetixe  surxex  to  derixe  the 
CPM.  but  the  maj-iritx  ot  published  stuxlies  use  retro- 
speetixe  studies  xxith  goc'rl  results  1 1  -4.  S|. 

W'e  haxe  demonstrated  the  use  ol  Baxesian  theorx 
111  generate  a  reliable  moilel  of  reseeiabilitx  in  patients 
with  bronehogenie  eaneer.  Phis  siudx  illustrates  a 
prexioiisty  unreported  application  of  Baxesian  analx- 
sis  that  max  haxe  sound  practical  application  tti  deci¬ 
sion-making  support  systems  dealing  xxith  the  mati- 
agement  of  bronchogetiic  tumors. 
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It  has  been  an  intensi\e  but  eery  rewarding  task  /o 
read  this  detailed  protocol.  \  / 


is  it  worth  publishing  a  very  long  protocol  /  \ 
of  a  controlled  clinical  trial?  /  \ 

The  first  question  I  wish  to  address  is.  have/he  authors 
established  their  case  that  it  is  worth  put/lishing.  in  a 
journal  of  Theoretical  Surgery,  a  very /ong  protocol 
like  this.  After  all.  they  make  the  pmnt  themselves 
that  such  publications  are  rare  eyf^ept  in  journals 
specifically  dewrted  to  clinical  trials.  My  own  view  is 
that  Theoretical  Surgery  proclairtys  in  its  subtitle  that 
it  is  ciincerned  with  decision  m^ing.  and  it  is  there¬ 
fore  not  only  acceptable,  but ^so  desirable,  that  full 
details  should  be  made  available  about  the  structure 
and  planning  of  a  large  any  complicated  trial  such  as 
this.  / 

The  fact  is  that  the  pjrinciples  as  distinct  from  the 
details  of  all  clinical  trials  do  not  \ary  from  one  to 
another,  but  it  is  only'  w  hen  one  thinks  about  a  very 
complicated  trial  like  the  present  one  that  one  is  forced 
to  take  into  account  considerations  that  might  not 
have  even  been  thought  of  in  an  apparently  much 
simpler  study.  How  was  one  to  ensure  that  the  ob¬ 
server  did  not  know  whether  Haemaccel  or  Ringer's 
solution  had  been  infused  before  the  operation?  The 
authors  refused  to  accept  that  it  would  be  impossible 
to  blind  the  etbserver.  and  devised  a  neat  and  ingenious 


/echnique  intended  to  achieve  this  end.  However, 
'not  satisfied  that  the  technique  was  meant  to  achieve 
this  end.  they  have  also  taken  steps  to  find  out  whether 
they  have  succeeded  in  this  aim;  they  have  asked  the 
observer  to  guess  which  infusate  was  given  to  each 
patient,  so  that  subsequent  analy  sis  of  the  accuracy  of 
the  guesses  would  reveal  whether  the  guesses  were 
truly  random  or  whether  the  blinding  procedure  had 
failed.  The  standard  description  of  the  study  would 
have  included  some  such  phrase  as  "the  observer  did 
not  know  whether  the  infusate  was  Haemaccel  or 
Ringer's"  and  the  reader  might  well  have  been  left  in 
a  state  of  critical  disbelief  since  it  would  be  obv  ious 
from  the  conduct  of  the  trial  that  observer  must  hav  e 
been  present  when  the  infusion  was  started  and  stop- 

Is  running.  The  insistence  on  test- 
the  blinding  procedure  reminds 
nigh  to  take  some  precaution  that 
ting  an  error.  It  is  also  crucial  to 
or  has  been  eliminated, 
mt  example  of  attention  to  detail 
r  published  trials  have  only  paid 
manner  of  patient  selection.  The 
have  taken  to  make  their  patient 
nparable  as  possible  is  an  object 
ssociated  with  clinical  trials.  One 
self  too  often  that  the  admirable 
sometimes  very  complicated)  sta- 
e  use  on  our  results  are  all  based 
the  control  and  treatment  groups 
eatment  they  have  received,  but 
y  other  way. 

If  we  accept  that  Theoretical  Surgery  should  at 
least  .wmieti  nes  publish  detailed  protocols  like  this, 
there  remains  the  question,  how  often?  Naturally  . 
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